Symmetry-adapted perturbation theory has been applied to compute the interaction-induced polarizability for the helium diatom. The computed polarizability invariants have been analytically fitted, and used in quantum-dynamical calculations of the binary collision-induced Raman spectra. The predicted intensities of the depolarized spectrum are in good agreement with the experimental data [M.H. Proffitt et al., Can. J. Phys. 59, 1459 (1981)]. The computed polarized spectrum shows agreement with the experiment within the large experimental uncertainties. The calculated trace polarizability was also checked by comparison of computed second dielectric virial coefficients with the experimental data. The ab initio dielectric virial coefficients, including first and second quantum corrections, agree well with the experimental data from indirect measurements. © 1996 American Institute o f Physics. [S 0 0 2 1-9606(96)03016-2] I. INTRODUCTION Interactions between colliding atoms in gases or fluids lead to distortions of their charge distributions, so that a collisional pair of atoms possesses a polarizability in excess of [he sum of polarizabilities of the isolated atoms. This excess polarizability, referred to as the interaction-induced or collision-induced polarizability is defined as the incremental part of the diatom polarizability tensor due to interatomic interactions, i.e., as the difference between the diatom polar izability tensor and the sum of polarizabilities of the nonin teracting atoms. The interaction-induced pair polarizabilities are respon sible for a wide range of dielectric, refractive, and optical properties of gases and fluids.1,2 Levine and Birnbaum3 pre dicted that all Raman spectra of gases should have a compo nent due to collision-induced changes in the polarizabilities, and it was first demonstrated by McTague and Birnbaum4 that free argon atoms in a collisional encounter undergo tran sitions between translational states when interacting with photons. At very low densities the light scattering leads to the well-known Rayleigh-Brillouin process. At higher den sities nearly exponential Stokes and anti-Stokes wings ap pear, with intensities proportional to the square of the gas density.4,5 These components of the Raman spectra of gases (referred to as translational Raman effect) are due to the collision-induced light scattering, i.e., to the interactioninduced fluctuations of the polarizabilities of atoms and mol ecules. In particular, in atomic fluids the anisotropy of the polarizability tensor will give rise to the depolarized Raman spectrum, while the small trace polarizability will lead to the Polarized Raman spectrum. Since the early work on argon, the collision-induced light scattering has been experimen tally studied in several optically isotropic systems (see Refs. 6 -8 for reviews). Besides giving rise to the collision-induced light scatter ing, the interaction-induced polarizability invariants also af fect the dielectric and refractive properties of gases. The trace polarizability determines the second virial coefficient of the dielectric Clausius-M osotti function, while the square of the anisotropy of the interaction-induced polarizability tensor is related to the Kerr constant of gases and to the pressuredependent depolarization ratio. At present, the second dielec tric virial coefficients and Kerr constants are available for various atomic and molecular systems (see Refs. 9 and 10 for reviews of the experimental data).
6998 Moszynski et al.: Collision-induced spectra in He2 larizability of He2 were reported by Dacre.38,39 These II. OUTLINE OF SAPT CALCULATIONS calculations were done using the configuration interaction method restricted to single and double excitations (CISD) and medium-size s p d basis sets. In addition, also the longrange coefficients have been computed40-42 for this system at various levels of approximation.
The quantum-mechanical theory43-4'^ of the collisioninduced Raman spectra is now well established, and a priori calculations of the Raman intensities are feasible, once the pair interaction potential and the interaction-induced polariz ability are available. Various ab initio polarizability data for He2 have been used to compute the collision-induced Raman spectra of the He diatom for comparison with experiment19,46 (see also Ref. 6 for a review of these results). In an extensive theoretical study Dacre and Frommhold46 have checked the accuracy of the ab initio CISD trace and anisotropy polariz abilities of He2 (Ref. 39) by exposing them to the test of computing the observed Raman intensities. While the depo larized spectra computed from Dacre's polarizability39 showed good agreement with the experiment for both iso topes of helium, the theoretical polarized spectrum was much less intense than the spectrum derived from the experiment. 46 The reasons for the less satisfactory agreement between the theoretical and experimental polarized Raman spectra may be both on the theoretical and on the experimental sides. The experimental polarized spectrum is obtained as the dif ference of two nearly equal signals excited with different beam polarizations, 18, 19 and the accuracy of the polarized intensities deduced from the experiment may be poor. On the other hand, the theoretical values of the interaction-induced trace may suffer from approximate corrections for the size inconsistency of the CISD method, the basis set superposi tion error, or basis set incompleteness. Finally, the computed polarized spectra showed46 a rather strong dependence on the interatomic potential. The potentials used in the calculations of Ref. 46 differ from the best empirical potentials available at present.47,48 Thus, an attempt to refine the accuracy of the ab initio polarizability invariants of He2 and to check these by computing the Raman spectra is now in order.
We have shown49 that the interaction-induced properties of collisional complexes can be accurately computed using the many-body formulation'''0-56 of the symmetry-adapted perturbation theory (SAPT)57-60 (see Ref. 61 for a recent review of SAPT). In the present paper we report SAPT cal culations of the interaction-induced polarizability for the He diatom, and dynamical calculations of the polarized and de polarized Raman intensities. We also check the ab initio collision-induced polarizability by computation of the sec ond dielectric virial coefficient, and comparison with the available experimental data. The plan of this paper is as fol lows. In Sec. II the SAPT calculations are briefly described, and the analytical fits to the computed points are presented. The formalism used in dynamical calculations is outlined in 
A. Method and definitions

F¡ = Fj -0
where £ int is the interaction energy for the dimer AB in the presence of a static, uniform electric field F. Eq. (2) shows that the interaction-induced polarizability can be obtained from standard finite field calculations, if the field-dependent interaction energy can be computed. In the present paper we have utilized this possibility, i.e., we first performed calcula tions of the interaction energy in the static electric field using the symmetry-adapted perturbation theory, and subsequently obtained the interaction-induced polarizability components from finite difference formulas. Below we shortly summarize the SAPT ansatz for the field-dependent interaction energy £ int. The components of the interaction-induced polarizabil ity tensor A a ti have been obtained from the equation:
where the index i = z or x denotes the direction along the dimer axis, or perpendicular to this axis, respectively. In the calculations of the interaction energy in the static electric field we follow the approach proposed and tested in our recent paper49 (see also Refs. 6 2 -6 7 for applications to the interaction energy calculations). The SAPT interaction energy is represented as a sum of components corresponding to the Hartree-Fock (¿sjjf) and correlated (Ec™) levels of the theory,
The Hartree-Fock interaction energy can be decomposed 6 8-71 as c ,H F _ tt( 10) i r?{ 10) i 17(20) 4.77(20) i i^zrHF
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where £p¡0) and are the electrostatic and exchange con tributions, respectively, with complete neglect of the intraatomic correlation effects,72 E\ $ resp and f^ch-ind.resp m the Hartree-Fock induction and exchange-induction energies, respectively, accounting for the coupled-Hartree-Fock type response, i.e., for the perturbation-induced modification of Sec. III. The results of SAPT and dynamical calculations are the Hartree-Fock potential,70,71 and collects higherorder induction and exchange contributions.
At the correlated level, the SAPT interaction energy is presented and discussed in Sec. IV. In Sec. V we report ab initio calculations of the second dielectric virial coefficient for He2 . Finally, in Sec. VI we present conclusions. represented by E\ corr-J l ) , J 1 ) int i i J2) i 17 (2) 
where and AEgxch are polarization and exchange cor rections of kth order in the intermolecular interaction and ¡¡ih order in the intra-atomic correlation. In the present study the contributions to E fn°trr were approximated as follows: 
The electrostatic corrections £pó¡'resp are defined as in Ref. 56. Finally, ^ixch-disD *s so-called " H artree-Fock" exchange-dispersion energy.
53.
The SAPT approach applied in the present paper is ex pected to give more accurate results for the interactioninduced polarizability tensor of He2 than the CISD model used by Dacre.38,39 Unlike the CISD method, the perturba tion theory approach is size consistent, and all contributions to the collision-induced trace and anisotropy vanish in the limit R->00. Although Dacre's calculations39 included ap proximate corrections for the size-consistency error, it is not
B. Computational details
Calculations of the interaction-induced polarizability for the He dimer have been performed for ten interatomic dis tances R ranging from R = 3 bohr to R = 10 bohr. For the helium atom we used a [5s4p3d2f\ basis. The s orbitals were represented by the ( (3). For both directions of the external electric field, its strength was equal to ± 0.001 a.u.. In addition, long-range van der Waals coefficients corresponding to the multipoleexpanded electrostatic, induction, and dispersion polarizabilities49 have been computed at the same level of theory and the same basis sets using the Polcor package.78,79 These coefficients have been subsequently used in the ana lytical fits of the interaction-induced polarizabilities. We used the B oys-B em ardi counterpoise correction to eliminate the basis set superposition error from the supermolecular Hartree-Fock calculations. 80 As discussed in Ref. 46 the intensities of the collisioninduced Raman spectra depend on the invariants of the interaction-induced polarizability tensor at the laser wave length \ . Our SAPT calculations were done for k = i.e., for the static case, and an extension of the SAPT theory to include the \ dependence would be very difficult. To inves tigate the importance of the wavelength dependence we have performed additional calculations using the supermolecule random phase approximation (RPA) and the second-order M óller-Plesset (MP2) approaches.78,79
C. Analytical fits
The intensities of the collision-induced Raman transi tions and the second dielectric virial coefficients depend on priori obvious that the resulting polarizability components the invariants of the interaction-induced polarizability tensor, are correct. In SAPT calculations the components of the Therefore in what follow s we will consider the anisotropy ß and the trace a , defined through the components of the >nteraction-induced polarizability tensor are obtained directly (not as a difference of large numbers), so they are free from basis set superposition errors plaguing correlated supermolecule calculations. Let us also mention that our approach accounts for the major part of the triple-excitation contribu-l|on to the dispersion term, while the Cl method restricted to Slngle and double excitations does not. tensor by the equations:
In SAPT calculations different physical contributions to the polarizability invariants exhibit different distance depen dence, and each contribution to the trace and anisotropy of the interaction-induced polarizability can be fitted separately. 
Here
is the contribution to the trace due to electrostatic interactions (i.e., is obtained by differentiation of the fielddependent electrostatic energy £p¡j = + e^¡), and a ( dfSp are contributions due to second-order induction and dis persion interactions, respectively, and < 2exch ls obtained by differentiation of the total exchange energy,
int • ^irniiar definitions hold for the contributions to ß . One may note that each term on the r.h.s. of Eq. (15) has a well defined R dependence which is to a large extent determined by its mul tipole expansion (cf. Sec. Ill of our paper49). Therefore, we performed separate fits of the exchange, electrostatic, induc tion, and dispersion contributions to a and ß .
It is well known that the exchange terms a exch and ßexch depend exponentially on /?, so we represented the ex change components by the functions, a exch W ( ¿^+ ß<exchÄ)exP(
where the parameters A ' "c'h, B ' "c'h, a^'h, C ' a n d ¿exch» anc^ similar parameters for /3exch were determined us ing the weighted least-square method with weights exponen tial in R.
The electrostatic contribution to ß was represented by the damped multipole term and an exponential function rep resenting the short-range penetration terms due to the charge overlap, S-state atoms is traceless.49 Thus, is exclusively due to short-range charge-overlap effects. Therefore, we repre sented by function,
where the parameters A{ p"¡ , , and were determined using the weighted least-square method with weights expo nential in R.
The The comparison of the final fitted functions with the ab initio points on which the fits were based shows that the typical approximation error is of the order of 0.4%. The only exception is, for obvious reasons, the region where the trace goes through zero. The values of the parameters are reported in Tables I and II . Fortran subroutines for generating the trace and anisotropy are available from the authors at the electronic mail address avda@theochem.kun.nl. and the parameters A^ , B^, a^j , and b ffi were deter mined using the weighted least-square method with R 3 weights. One may note that the long-range coefficient was not fitted but computed ab initio in the same basis set and at the same level of theory as /3po¡.
In the multipole approximation the electrostatic contri bution to the interaction-induced polarizability tensor o f two polarized scattered light are given by
III. OUTLINE OF DYNAMICAL CALCULATIONS
The theory of collision-induced Raman spectra is well understood.43,44 Below we only give a short summary. The laser light of wave number cu0 is scattered inelastically by the interacting atoms. The intensities of the depolarized and 
where where E'-E = hv, J' = 7 , J± 2 , h is the Planck constant, kB is the Boltzmann constant, T denotes the temperature, \ B=(h2/27TjbLkBT)1 1 2 is the de Broglie wavelength, ¡ jl is the reduced mass of the collisional complex, and I and gj des ignate the nuclear spin and nuclear spin statistical weight, respectively. The constants b J Jt are given by J' J 2 82, 83 b J j , = (2J' + 1) n 0 0 
Note that in Eqs. (25) and (26) we neglected transitions from a bound state to a continuum state, and vice versa. Numerical results reported in Refs. 44 and 6 show that even for heavier rare gas pairs these transitions contribute usually less than 2% of the total intensity at any frequency shift. Since the He dimer is bound by 1.684 mK (Ref. 47) only, the contribution from bound-to-free and free-to-bound transitions at T-296 K should be even smaller. One may also note that the invari ants of the interaction-induced polarizability tensor appear ing in Eqs. (25) 
IV. NUMERICAL RESULTS
A. Interaction-induced polarizability of the He dimer
The residual error in the computed collision-induced po larizabilities is due to two sources: the neglect of higherorder terms in the SAPT expansion, and deficiencies of the basis set used in the calculations. Table III 
compares the interaction-induced trace and anisotropy computed at the full Cl level with the SAPT results in the same basis set. For each of the distances considered in this table, SAPT repro duces the full Cl results to within 3%. The only exception is the trace for R^6 bohr but in this region of R the trace is very small and does not contribute to the polarized Raman intensities.19
Although these calculations were done in the small spd basis, we expect the error to be largely indepen dent of the basis set. It is reasonable then to assume that the effect of the truncation of the perturbation series on the com puted interaction-induced polarizability invariants is smaller than 3%. It is worth noting that a similar estimate of the convergence rate of the SAPT expansion for the interaction potential of He2 has been recently reported.88
The remaining errors are due to the basis set unsatura tion. An examination of the basis set convergence presented in Table IV shows that the results in the spdf basis are probably converged to within 2% or better. The extension of the basis set from the spd to spdf quality improved the results by 1% on the average (the only exception is the trace for R = 5 bohr, which changed by 7%). The next increase of the basis, i.e., the addition of a basis function of g symmetry, led only to changes smaller than 0 . 1% (again an exception is the trace for R = 5 bohr, here the change amounts to 0.7%). Finally, an extension of the spdf g basis with additional ba sis functions of s, p, d, and ƒ symmetry changes the results by less than 2%. Certainly some of the errors discussed above will mutually cancel, so it is safe to assume that our results for the interaction-induced trace and anisotropy have an error of at most 5%.
In Table V we summarize the results of SAPT calcula tions, while in Figs. 1 and 2 CISD level (including the sizeconsistency correction) . In general the agreement between the two calculations is good. The largest difference in the anisotropy amounts to 2% at R = 3 bohr, while the same number for the trace is 7% at R = 5 bohr. The only exception is the trace at distances larger than R = 5 bohr. Since in this region of R the trace is very small this disagreement is prob ably due to some numerical inaccuracies of the CISD calcu lations.
As discussed in Sec. Ill, the invariants of the interactioninduced polarizability tensor that enter the expression for the Raman intensities should be taken at the laser wavelength \ (corresponding to the wave number ¿o0). Our the SAPT 
R (bohr)
B. Collision-induced Raman spectrum of the helium diatom
In Table VII we summarize the results of quantumdynamical calculations of the binary Raman spectra for the He diatom (see also Figs. 3 and 4 Fig. 3 shows that the agree ment of the theoretical depolarized Raman intensities with the results of measurements19 is satisfactory. Most of the intensities agree within 3% or better. Only at very low and bined with the 3% error in the quantum-dynamical calcula tions, and the 2% error due to the neglect of the X depen dence of ß(R). The theoretical polarized Raman intensities agree with the experiment within the large (± 5 0 % -60%) experimen tal error bars over a wide range of the frequency shifts. Ex cept for the low frequency region, the predicted polarized spectrum is less intense (from 30% at v= -150 cm -1 to 58% at v -300 cm -1 ). This level of agreement between theory and experiment is not in contradiction with our esti mated 5% accuracy of the interaction-induced trace polariz ability, but further checks both on the theoretical and the experimental sides are visibly needed.
for graphical illustrations). An inspection of Table VII and
As discussed in the previous section, our estimate of the convergence rate of the SAPT expansion for the interactioninduced trace polarizability of He2 is similar to the conver gence rate of the perturbation series for the interaction potential.88 The results of Ref. 88 suggest that the 5% inac curacy in the present SAPT calculations may be partly due to the neglect of higher-order intra-atomic correlation contribu tions to the exchange energy. Indeed, the total exchange con tribution to the He2 interaction potential as computed from the present SAPT anscitz is underestimated by 2.5%. We repeated the dynamical calculations using a trace polarizabil ity in which the exchange contribution, Eq. (16), was in creased by 2.5%. The resulting polarized intensities are re ported in Table VII in parentheses (see also Fig. 4) . In general the agreement with the experimental results is some what better: This scaling increases the polarized intensities by ~7 % -1 0 % , and reduces the discrepancy with the ex periment from 30% to 24% at y = -150 cm -1 , and from 59% to 54% at -250 cm -1 .
The scaling of the exchange contribution to the interaction-induced trace polarizability of He2 does not sub stantially improve the agreement between the theoretical and experimental polarized spectra. It is also worth noting that our results for the depolarized and polarized Raman intensi ties are in good agreement with those generated from Dacre's polarizability invariants.46 Both these observations suggest that the theoretical results are rather well converged. We estimate that the error in our polarized intensities is con siderably smaller than the experimental error of 50% to 60%, so that the improvement of the agreement between theory and experiment for these intensities should mainly come from the experimental side.
V. SECOND DIELECTRIC VIRIAL COEFFICIENT OF He2
Using our ab initio interaction-induced trace data and the accurate empirical potential47 we have computed the second dielectric virial coefficient over the range of temperatures in which it has been measured (4 K =^7^ 323 k ). 20-24,26,28 30 At high temperatures the second dielectric virial coeffi cient is given by the standard classical expression,89 8 tt2nI In the present work we report a more systematic study of the importance of the quantum corrections by considering also the second-order terms, and using a realistic representa tion of the interaction-induced trace and the interaction po tential for He2 . We approximated Be(T) as, 
B6(T) = B[0\ T ) + B { ¿ \ T ) + B {? \ T ),
where the functions ƒ (R) and g(R) are given by 
The integration over R has been done in the range from R = 3 bohr to R= 100 bohr using a composite Simpson rule. In the inner region (R< 3 bohr) the function exp(-V/kT) is effectively zero, while in the outer region, R>\00 bohr, all contributions are negligibly small. The number of radial points was N = 2 n~1 + 1. We increased n by 1 in each itera tion and stopped when the relative error was smaller than 10-6 . We checked that our results are stable against changes in the boundaries and/or integration parameters.
The results of our calculations, presented in Table VIII and Fig. 5, are compared with the available experimental  data.20-24,26,28- dielectric virial coefficient computed with the aid of Eq. (31), and the first, and second quantum corrections. An inspection of Table VIII shows that the quantum effects are very small for temperatures larger than 70 K, and B e(T) can be effi ciently computed from the classical expression. At lower temperatures the dielectric virial coefficient of the 4He gas starts to deviate from the classical value, and at very low temperatures the semiclassical expansion of the second di electric virial coefficient in powers of h2 clearly diverges.
At high temperatures our results agree well with the data from indirect measurements.22,28-30 The only exception is the value at T= 242.95 K. Here the theoretical result is slightly outside the experimental error bars. The agreement with the results of direct measurements20,23,24 is less satisfactory. The present ab initio results agree very well with the old experi mental data of Orcutt and C ole,20 and disagree with the data of Vidal and Lallemand.23,24 Since our results agree with the majority of the high-temperature experimental data, and since the second dielectric virial coefficient changes very slowly with temperature, it is very likely that the results of direct measurements reported by Vidal and Lallemand24 are contaminated by nonadditive three-body effects.
At low temperatures the situation is more complex. Our result at 77.4 K agrees very well with the value from indirect measurements reported by Huot and B ose.29 Other low tem perature experimental data21,26 cannot be compared with our theoretical values due to the divergence of the semiclassical expansion, and full quantum calculations are needed. Work in this direction is in progress.93
VI. SUMMARY AND CONCLUSIONS
Symmetry-adapted perturbation theory has been applied to compute the invariants o f the interaction-induced polariz ability for the He diatom. The accuracy of the computed response properties has been checked by comparison with benchmark full Cl results, and by extensive studies of the basis set convergence. We have estimated that the present SAPT results for the interaction-induced trace and anisotropy of He2 should be accurate to about 5%.
Using the computed trace and anisotropy we have per formed converged quantum-dynamical calculations of the depolarized and polarized binary Raman spectra. The pre dicted depolarized intensities are in good agreement with the experimental data19 over a wide range of the frequency shifts. The agreement between theory and experiment for the polarized spectrum is within the experimental error bars, al though the theoretical spectrum is less intense than the ex perimental one. The analysis of the accuracy of the present calculations suggests that the error in the predicted polarized intensities is much smaller than the experimental error bars, so the improvement of agreement between theory and ex periment must mainly come from the experimental side.
Further checks of the accuracy of the computed trace polarizability have been performed by computing the second dielectric virial coefficients (including first and second quan tum corrections) at various temperatures and by comparing with the available experimental data.20-24,26,28-30 Our results agree well with the majority of the high-temperature experi mental data. The low temperature experimental results of Kerr and Sherman,21 and Gugan and M ichel26 could not be used to assess the accuracy of the computed trace polariz ability due to the divergence of the semiclassical expansion.
